The presence of the ground may influence hydrodynamic loads acting on structures in some water entry problems, such as the operation of high-speed planning vessels and the emergency landing of aircrafts in shallow rivers. While most investigations have been focused on the water entry with infinite water depth, the water entry with finite water depth is not yet to fully be analyzed. The shallow water entry of wedges is numerically investigated using the finite volume method in this paper. The applications of the numerical method in water entries with infinite and finite water depths are validated by comparing with previous theoretical and experimental results. Based on the validated numerical model, a series of systematic computations on the shallow water entries of wedges with different water depths and deadrise angles are carried out. Three non-dimensional ratios,R p , R r and R F , are introduced to quantify the influence of the presence of the ground on pressure field, free surface evolution and impact force, respectively. Then, the hydrodynamics related to the shallow water entry of wedges are investigated through the comparison with the infinite-depth water entry.
I. INTRODUCTION
The investigation of water entry problems is of fundamental importance in the design of marine and aerospace structures. Impulsive loads caused by the impact between the water and the structure could seriously threaten the safety of the structure. Pioneering work on the water entry can be traced back to [1] and [2] , which was motivated by seaplane landing problems. Based on the studies of [1] and [2] , a great number of analytical or semi-analytical solutions have been proposed to predict the hydrodynamic loading associated with the water entry. Reference [3] added some extra terms to the distribution of the velocity potential which made the flow velocity at the edge of the contact region bounded. References [4] , [5] , and [6] corrected the singularity of the contact region edge in the original Wagner model by using the matched asymptotic expansion method. Reference [7] gave a rational derivation of several analytical models, including the Original Logvinovich Model (OLM), the Modified The associate editor coordinating the review of this manuscript and approving it for publication was Stavros Souravlas .
Logvinovich Model (MLM) and the General Wagner Model (GWM). Reference [8] assessed the accuracy of several analytical models for the prediction of hydrodynamic loads. References [9] and [10] investigated semi-analytical models for the water entry with flow separation by introducing a fictitious section.
The analytical or semi-analytical methods are usually derived on the premise that the impact structure is blunt [8] . Various numerical methods have been applied to water entry problems, considering the limitation of application scope of analytical or semi-analytical methods. References [6] and [11] developed a nonlinear boundary element method (BEM) for studying the water entry of a 2D body. Reference [12] presented a two-fluid BEM for the water entry of a free-fall wedge, and the role of the air flow on the closure of the 2D cavity was investigated. Reference [13] - [17] investigated the water entry of 2D and 3D bodies using the explicit finite element method with an arbitrary Lagrangian-Eulerian (ALE) solver. References [18] and [19] investigated 3D slamming problems for the water entry of solid bodies with vertical and oblique velocities using the Constrained Interpolation Profile (CIP) method. Reference [20] simulated the water entry of 2D and 3D wedges using the Computational Fluid Dynamics (CFD) solver. Reference [21] investigated the dynamic response of a generic rigid water-landing object using the ALE and smoothed particle hydrodynamics (SPH) methods. A good agreement between the results of the experiment and numerical methods was achieved. Reference [22] investigated the water entry of a horizontal circular cylinder with low Froude numbers using the volume of fluid (VOF) technique. Reference [23] investigated the flow induced by asymmetric water impact of a 2D wedge based on a finite volume VOF implementation included in the OpenFOAM-2.4 CFD package.
The all above investigations on water entry problems are conducted on the assumption that the water depth is infinite. The effect of the ground should be considered in some cases, such as the operation of high-speed planning vessels and the emergency landing of aircrafts in shallow rivers. Reference [24] presented a detailed mathematical derivation on the shallow water impact of two rigid bodies, one of which is covered by a thin layer of an ideal incompressible liquid. Therein, the fluid domain was divided into four parts and the matched asymptotic method was utilized to solve the fluid domain. Reference [25] later investigated the shallow water impact problem of a box-like structure with the help of asymptotic methods. It was found that the pressure in the jet root may be higher than the pressure on the bottom of the entering body. Reference [26] studied deep-water and shallow-water slamming at small and zero deadrise angles using the ''Wagner theory'' and the ''Korobkin theory''. Reference [27] experimentally studied shallow water slamming of a circular disk. The added mass and the impact velocity were evaluated and compared with theoretical predictions. Reference [28] investigated the shallow water entry of a wedge with a 25 • deadrise angle. The motion of the wedge was controlled by a dedicated pneumatic system, which pushed the wedge downward to vertically impact onto the water surface. A semi-analytical model was proposed and compared with experimental results obtained by four different water column heights.
Generally speaking, the studies on the shallow water entry are relatively fewer than those on water entry problems with the infinite water depth. To our knowledge, most studies on the shallow water entry are based on analytical or semi-analytical methods that are limited to the premise that the impact structure is blunt [5] , [24] , [26] , and [28] . Besides, the effects of water depth, impact velocity and geometric form on the impact loads during the shallow water entry still have not been fully analyzed in the previous studies. Considering that the bottom of the high-speed planning vessel and the seaplane is similar to a wedge, the shallow water entry of the two-dimensional wedge is numerically studied in this paper, as shown in Fig.1 .
The innovation of the present study lies in the systematic and reasonable analysis on the effect of the presence of the ground in shallow water entry problems. Numerical model for simulating the shallow water entry of wedges is established by using the finite volume method, and it is validated by the comparison with previous theoretical and experimental results. Based on the validated numerical setup, a series of systematic computations on the shallow water entries of wedges with different water depths and deadrise angles are carried out. Through introducing the three non-dimensional ratios, R p , R r and R F , influences of the presence of the ground on pressure field, free surface evolution and impact force during the shallow water entry are quantitatively investigated, which can provide guidance for subsequent engineering design.
II. NUMERICAL METHOD
CFD simulations are performed to investigate the vertical water entry of wedges with finite and infinite water depths. The computations are conducted using commercial CFD solver Star-CCM+. The integral form of governing equation is solved using the finite volume method. The interface between air and water is captured by using the VOF model, which is often used in systems containing two or more immiscible fluid phases. The motion of the wedge is realized by the overset mesh method.
A. GOVERNING EQUATION AND NUMERICAL IMPLEMENT
It is assumed that the fluid is incompressible, and there is no temperature variation during the water entry. Then, the continuity equation and the N-S equations can be written as
where ρ is the fluid density, u is the velocity vector, p is the field pressure, µ is the dynamic viscosity and F is the external force.
The water and air are considered as two immiscible components of a single effective fluid, whose properties are assumed to vary according to the volume fraction. The density and dynamic viscosity of the effective fluid can be expressed as
where ρ a and µ a are the density and dynamic viscosity of the air, respectively, while ρ w and µ w are the density and dynamic VOLUME 7, 2019 viscosity of the water, respectively. γ is the volume fraction. γ = 0 denotes the fluid in the computational cell is the water, whereas is the air. 0 < γ < 1 means the computational cell contains both the water and the air. The laminar flow model is used in this paper referring to previous studies of water entry problems by using the finite volume method [20] , [23] , [29] , and [30] . The integral form of the transport equation can be obtained by integrating the generic transport equation over a control volume V and applying Gauss's divergence theorem:
where φ represents the transport of a scalar property, A is the surface area of the control volume, da denotes the surface vector and is the diffusion coefficient. The four terms in (5) are the transient term, convective flux, diffusive flux and source term, from left to right respectively. Since a simple higher-order scheme like central-differencing scheme or second-order upwind scheme would fail in approximating large spatial variations of phase volume fractions, the volume fraction is solved by using High Resolution Interface Capturing (HRIC) scheme in the VOF algorithm. Temporal integration is carried out by using the Euler implicit scheme that approximates the transient term in (5) using the solution at the current time level, n + 1, and the one from the previous time level, n:
Due to the laminar model, the convection term uses a second-order upwind scheme instead of central-differencing scheme, for no turbulent kinetic energy needs to be preserves. The Segregated Flow solver based on the Semi-Implicit Method for Pressure-Linked Equations (SIMPLE) algorithm is used to solve the pressure and velocity coupling problem during the water entry. The motion of the wedge is numerically simulated by using the overset mesh method, where the moving wedge is numerically built as the overset region and the water-and-air domain is assigned to the background region. The transfer of physical quantities between the overset zone and the background zone is realized by using the linear interpolation method.
B. FLUID DOMAIN AND BOUNDARY CONDITIONS
The wedge considered in this paper is symmetrical, and its motion is limited to the vertical direction. Therefore, only half of the model is established. As shown in Fig. 2 , the computational domain is rectangular and the vertexes of the rectangle are marked A,B,C,D, respectively. A Cartesian coordinate system OXY is introduced to describe the numerical model. The Y-axis lies in the symmetrical axis of the wedge section. The dimension of the computational domain is described by L 1 , L 2 and h, respectively. W is the half-width of the wedge. Referring to the discussion on the size of the computational domain [20] , the lengths of L 1 , L 2 and h are respectively set to 7.5W , 1.25W and 6W for the water entry with infinite water depth. When the water depth is finite, the length of h is set to the depth of the water.
The boundary conditions for different edges of the computational domain are listed in Table. 1. The water entry cases with infinite and finite water depths are introduced, respectively. Fig. 3 (a) shows the grid view of the global domain. An overset mesh is applied to model the motion of the wedge and it is shown in gray color in Fig. 3(a) . In order to simulate the interaction between the wedge and the water accurately, fine grids are assigned to the region where the wedge may pass. Fig. 3 (b) shows the fine grids near the wedge.
III. VALIDATION
In section, effects of initial conditions and grid density are firstly studied. Then, the numerical method is validated by the comparison with previous theoretical and experimental results in [6] , [28] , [31] , and [32] .
A. EFFECTS OF INITIAL CONDITIONS AND GRID DENSITY
Initial conditions in the simulation of water entry problems can be classified into two categories. One is that the static water surface is below the keel of the wedge at the beginning of the simulation and it is named as ''type I''. The other one is that the keel of the wedge lies in the static water surface at the beginning of the simulation and it is named as ''type II''. Reference [23] found that the initial conditions have a crucial influence on the ventilation occurrence during the initial impact stage. Define the time when the keel of the wedge reaches the static water surface to be t = 0. Fig. 4 shows the impact forces with different initial conditions. The deadrise angle of the wedge is 25 • . The impact velocity is constant and equal to 1m/s. The water depth is infinite. F is the impact force of the whole wedge section. It can be seen that obvious numerical oscillations appear at the beginning of the simulation for both initial conditions. The study of water entry problems usually focuses on the stage after the wedge is in contact with the water. To avoid the influence of this numerical oscillation on the analysis of the impact force, ''type I'' condition is adopted in the following simulations.
Several fluid domains with different water depths are analyzed in subsequent studies. Convergence analysis for each water depth will consume a large amount of computing resources. Only two typical water depths are adopted, which are the shallowest water depth of h = 2.5cm and the infinite water depth. Fig. 5 shows pressure distributions and impact forces with different grid densities for the water entry with h = 2.5cm. Fig. 6 shows pressure distributions and impact forces with different grid densities for the water entry with infinite water depth. Time step is chosen according to the Courant-condition [20] , [30] , and the maximum Courant number is less than one for all the cases. The deadrise angle of the wedge is 25 • . The impact velocity is constant and equal to 1m/s. The element number of different grid configurations is listed in Table. 2. The non-dimensional pressure C p is defined as2p/(ρV 2 ), where p is the impact pressure, ρ is the density of the fluid and V is the impact velocity. y is the vertical coordinate of a given point on the wetted surface measured in the coordinate system OXY. ξ is the penetration depth of the wedge. y/ξ = −1 is the location of the keel of the wedge. The penetration depth corresponding to the pressure distribution is 1cm. It can be seen that the impact forces and the pressure distributions with different grid densities show good agreement. As shown in Fig. 5 (a) and Fig. 6(a) , there is a small amount of oscillation in the impact force corresponding to the coarse grid, and the medium grid is chosen in the following simulation, considering both the accuracy and the efficiency.
B. COMPARISON WITH PREVIOUS STUDIES
The application of the present method in the water entries with infinite and finite water depths is validated by the comparison with previous studies. Fig. 7 shows the comparison of pressure distributions between the present numerical method and similarity solutions during the water entry with infinite water depth. Fig. 8 shows the comparison of free surface elevations between the present numerical method and similarity solutions during the water entry with infinite water depth. x and y are the horizontal and vertical coordinate of a given point on the wetted surface measured in the coordinate system OXY, respectively. x/ξ = 0 and y/ξ = −1 correspond to the location of the keel of the wedge. The similarity solutions were reported by [6] . Three deadrise angles, β = 15 • , 20 • and 25 • , are discussed. The impact velocity is constant and equal to 1m/s in the numerical simulation. In Fig. 8 , the penetration depth, corresponding to the pressure distribution and the free surface elevation of the numerical method, is 1cm. It can be seen that the results of the present numerical method generally agree well with those of the similarity solutions, even though some small deviations appear in the results between the two methods.
The free-fall experiment of a wedge with 25 • deadrise angle in [31] is simulated by using the present numerical method. The measured entry velocities for the three falling heights of 25 cm, 50 cm, and 75 cm are 2.2 m/s, 3.1 m/s, and 3.6 m/s, respectively. Fig. 9 shows the comparison of accelerations obtained by using different methods. The experimental results and Wagner's solution are taken from Fig. 8 . of [31] . It can be seen that the present numerical results The oscillations in the experimental results are ascribed to uncertainties in the numerical differentiation of the displacement in [31] . Fig. 10 shows the comparison of velocities between the present numerical results and the experimental results. It can be seen that the present numerical results agree well with the experimental results. Fig. 11 shows the comparison of pressure distributions obtained by different methods for the falling height of 50 cm. The impact pressure is normalized as Cp = 2p/(ρV 2 ), V is the instantaneous velocity of the wedge. It can be seen the pressure distributions obtained by different methods are in good agreement along most of the wedge length. Obvious discrepancies can be found in the pile-up region between the numerical and experimental results, due to that the velocity of flow field close to the free surface is difficult to measure with enough in the experiment in [31] . Compared with the CFD results in [32] , the present numerical method can reasonably predict the negative pressure near the keel of the wedge, as show in Fig. 11 (c) and 10(d). Fig. 12 shows the comparison of impact forces between the present numerical method and the experimental results of [28] during the shallow water entry. The deadrise angle of the wedge is 25 • . Four different water depths, h = 10cm, 7.5cm, 5cm and 2.5cm, were considered. The motion of the wedge in the experiment is neither a constant-velocity water entry nor a free-falling water entry. The wedge was controlled by a dedicated pneumatic system, which pushed the wedge downward to vertically impact onto the water surface in the experiment. Therefore, the motion of the wedge is to constrained follow the experimentally tracked data in the numerical simulation. The penetration depths of wedge in the experiment with different water depths are shown in Fig. 13 , which are identical to the data in Fig. 4 (a) of [28] . As shown in Fig. 12 , the impact forces obtained by different methods are in good agreement. Both the present numerical method and the semi-analytical theory in [28] are analyzed in the twodimensional framework, and the three-dimensional effect in the experiment is not considered. Therefore, the present numerical results are closer to the semi-analytical results compared with experimental results.
IV. RESULTS AND DISCUSSIONS
In this section, the hydrodynamics related to the shallow water entry in terms of pressure field, free surface evolution and impact force are investigated by using the CFD method. In order to quantify the influence of the presence of the ground on the pressure field, the free surface evolution and the impact force, three non-dimensional ratios, R p , R r , and R F , are introduced and the water entry with infinite water depth is discussed comparatively. equal to 1m/s. The water depth of the finite-depth water entry is h = 2.5cm. It can be seen that the pressure contours of two cases are similar in the initial stage of the water entry. With the increase of the penetration depth ξ , obvious difference between the pressure contours of two cases appears. The impact pressure in the case of the finite-depth water entry, especially in the water under the wedge, shows higher than that of the infinite-depth water entry. Fig. 15 shows non-dimensional pressure distributions with different penetration depths during the water entry with infinite water depth by using the present numerical method. The deadrise angle of the wedge is 25 • . The velocity V is constant and equal to 1m/s. As shown in the case ξ = 0.1cm in Fig. 15 , the numerical method is difficult to predict a reasonable pressure distribution when the penetration depth is small. This is because only a few computational cells involved in the interaction between the wedge and the water in the initial stage of the water entry. With the increase of the penetration depth, the pressure distribution on the wetted surface of the wedge exhibits self-similar characteristics; however, there are still small differences in the peaks of pressure distributions with different penetration depths. The application of CFD methods to obtain absolute self-similar pressure distributions will consume a large amount of computational resources [13] .
A. PRESSURE FIELD
In order to eliminate the influence of the penetration depth on the pressure distribution, a series of water entry cases with different water depths are simulated. The pressure distributions in Fig. 16 correspond to the same penetration depth of ξ = 1cm, which is considered to be sufficient to predict a reasonable pressure distribution. Then, in Fig. 16 , the only variable affecting the non-dimensional pressure distribution is the water depth. The ratio of the penetration depth ξ to the water depth h is defined as non-dimensional penetration depth. As shown in Fig. 16 , when ξ /h is less than 0.08, the pressure distributions with different penetration depths agree well and are close to the pressure distribution with the infinite water depth. With the increase of ξ /h, the influence of the ground increases, and the non-dimensional pressures at different positions of the wetted surface increase. The pressure at the keel of the wedge is even close to the maximum pressure at the root of the jet, as shown in the case ξ /h = 0.4 in Fig. 16 .
A non-dimensional ratio, named as R p , is introduced to quantify the effect of the ground on the non-dimensional pressure. R p is defined as C ph /C pi , C ph and C pi are non-dimensional pressures for the water entry with finite and infinite water depths, respectively. Fig. 17 shows the influence of the ground on the pressure of the different positions. The deadrise angle of the wedge is 25 • . The velocity V is constant and equal to 1m/s. It can be seen that the effect of the ground on the increase of non-dimensional pressure at the keel of the wedge is more obvious than that on the increase of maximum non-dimensional pressure at the root of the jet: the relationship between R p and ξ /h is approximately a linear increase at the root of the jet within all the three different deadrise angles, while both the increase of ξ /h and the decrease of the deadrise angle can contribute to a more rapid increase of R p at the keel of the wedge. Fig. 18 shows the comparison of R p with different deadrise angles. It can be seen that the effect of the ground on the increase of the impact pressure becomes more obvious for the wedge with smaller deadrise angle. When ξ /h is equal to 0.4, R p at the keel of the wedge is 3.42, 2.57 and 2.11 for the wedges with deadrise angles 15 • , 20 • and 25 • , respectively, and the maximum non-dimensional pressure at the root of the jet has been increased by 47.4%, 36.5% and 27.0% for the wedges with deadrise angles 15 • , 20 • and 25 • , respectively.
B. FREE SURFACE EVOLUTION
The free surface evolution is an important aspect in water entry problems. When the wedge impacts onto the water, the water surface rises along the surface of the wedge and the water level is increased with respect to the undisturbed one. The free surface deformation generates the well-known pile-up phenomenon, which has been widely studied for water entries with infinite water depth in [2] , [23] , [32] , and [33] . Fig. 19 shows the comparison of free surface elevations between the water entries with finite and infinite water depths. The deadrise angle of the wedge is 25 • . The velocity V is constant and equal to 1m/s. The water depth of the finite-depth water entry is h = 2.5cm. It can be seen that the free surface elevations in the two cases are very close in the initial stage of the water entry. With the increase of the penetration depth, the free surface in the water entry with finite water depth rises faster than that with infinite water depth due to the effect of the ground.
The wetted length is often used to quantitatively describe the water surface elevation. Corresponding to the penetration depth ξ , Fig. 20 illustrates the wetted length r * and the reference wetted length r. The reference wetted length can be written in terms of the penetration depth ξ and it can be expressed as r = ξ /tan β, where β is the deadrise angle. Fig. 21 shows the comparison of the wetted lengths between the water entries with finite and infinite water depths. The linear fitting result for the water entry with infinite water depth is also plotted in Fig. 21 . It can be seen that the wetted length increases linearly with the increase of penetration depth for the water entry with infinite water depth, which is in agreement with the Wagner's theory [2] . With the increase of the penetration depth, the wetted length in the water entry with finite water depth increases faster than that in the water entry with infinite water depth.
A non-dimensional ratio, named as R r , is introduced to quantify the effect of the ground on the wetted length. R r is defined as the ratio of the wetted length in the water entry with infinite water depth to that in the water entry with finite water depth. Fig. 22 shows the comparison of R r with different deadrise angles. It can be seen that the effect of the ground on the increase of the wetted length becomes more obvious for the wedge with smaller deadrise angle. When ξ /h is equal to 0.4, the wetted lengths have been increased by 11.2%, 8.1% and 6.3% for the wedges with deadrise angles 15 • , 20 • and 25 • , respectively.
C. IMPACT FORCE
In the non-dimensional analysis of the impact force, the selection of characteristic length is classified into two categories. One is that the characteristic length is taken to be a fixed length, such as the half width of the wedge or the diameter of the sphere in [9] and [16] . The other is that the characteristic length is taken as a value that varies with time, such as the reference wetted length in [23] . In accordance with the work of [23] , we first select the reference wetted length r as the characteristic length. Then, the non-dimensional impact force C s can be expressed as C s = 2F/(ρV 2 r). Fig. 23 shows the comparison of C s between the water entries with finite and infinite water depths. The velocity V is constant and equal to 1m/s. The deadrise angle of the wedge is 25 • . The water depth of the finite-depth water impact is h = 2.5 cm. Because of the numerical error in the initial stage of the water entry, a larger value of C s appears in this stage. With the increase of the penetration depth, the non-dimensional impact force is approximately a fixed value for the water entry with infinite water depth. However, due to the influence of the ground, C s of the water entry with finite water depth increases with the increase of the penetration depth.
During the water entry of the wedge, the change rate of wetted length affects the value of the impact force. Based on the previous analysis, it can be seen that the wetted length of the wedge increases faster due to the influence of the ground, as shown in Fig. 21 . In order to remove the contribution of the wetted length variation to the increase of the impact force, we select the wetted length r * as the feature length. Then, another expression of the non-dimensional impact force is C * s = 2F/(ρV 2 r * ). As shown in Fig. 24 , although the contribution of the wetted length variation to the increase of the impact force is removed, C * s of the water entry with finite water depth still increases as the penetration depth increases.
A non-dimensional ratio, named as R F , is introduced to quantify the effect of the ground on the impact force. R F is defined as the ratio of the impact force in the water entry with finite water depth to that in the water entry with infinite water depth. Fig. 25 shows the comparison of R F with different deadrise angles. It can be seen that the effect of the ground on the increase of the impact force becomes more obvious for the wedge with smaller deadrise angle. When ξ /h is equal to 0.4, R F is equal to 2.64, 2.06 and 1.75 for the wedges with deadrise angles 15 • , 20 • and 25 • , respectively.
V. CONCLUSION
The presence of the ground may influence hydrodynamic loads acting on structures in some water entry problems, such as the operation of high-speed planning vessels and the emergency landing of aircrafts in shallow rivers. While most investigations have been focused on the water entry with infinite water depth, the water entry with finite water depth is not yet to fully be analyzed. The improvement of the present study lies in the systematic and reasonable analysis on the effect of the presence of the ground in shallow water impact problem. The shallow water entry of wedges is numerically investigated by using the finite volume method in this paper. The convergence study of the numerical model is carried out. The application of the numerical method in the water entries with infinite and finite water depths is validated by the comparison with previous theoretical and experimental results. Based on the validated numerical setup, effects of the presence of the ground on the pressure field, the free surface evolution and the impact force are quantitatively investigated.
The presence of the ground can increase the pressure field acting on the wetted surface of the wedge. Compared with the increase of the maximum non-dimensional pressure at the root of the jet, the effect of the ground on the increase of non-dimensional pressure at the keel of the wedge is more obvious. When the non-dimensional penetration depth is large enough, the pressure at the keel of the wedge is even close to the maximum pressure at the root of the jet. For the wedge with smaller deadrise angle, the effect of the ground on the increase of the non-dimensional pressure becomes more obvious.
The presence of the ground can increase the elevation rate of the free surface. Unlike the linear relationship between the wetted length and the penetration depth for the infinite-depth water entry, the change rate of the wetted length increases as the penetration depth increases with the increase of the penetration depth due to the effect of the ground. For the wedge with smaller deadrise angle, the effect of the ground on the increase of the wetted length becomes more obvious.
The reference wetted length and the wetted length are respectively selected as the characteristic length in the non-dimensional analysis of impact force. During the infinite-depth water entry, the non-dimensional impact force is approximately a fixed value with the increase of the penetration depth. However, the non-dimensional impact force increases with the increase of the penetration depth due to the effect of the ground, whether or not the contribution of the wetted length variation to the increase of the impact force is removed. For the wedge with smaller deadrise angle, the effect of the ground on the increase of the non-dimensional impact force becomes more obvious.
Overall, the pressure distribution and the impact force can be increased by the presence of the ground, which should be paid attention to in the structural design. Compared with effects on the pressure distribution and the impact force, the effect of the ground on the elevation of the free surface is relatively weak. For the same non-dimensional penetration depth, the effect of the presence of the ground on the water entry of blunter structures is more obvious.
